As a complex engineering problem, the satellite module layout design (SMLD) is difficult to resolve by using conventional computation-based approaches. The challenges stem from three aspects: computational complexity, engineering complexity, and engineering practicability. Engineers often finish successful satellite designs by way of their plenty of experience and wisdom, lessons learnt from the past practices, as well as the assistance of the advanced computational techniques. Enlightened by the ripe patterns, this article puts forward a knowledge fusion approach, which fuses online human knowledge, prior knowledge, and computational knowledge by using evolutionary computation to fully explore the advantages of human and computers. This article highlights the way to represent aforementioned three types of design knowledge, the model to describe problem and the method to fuse, and the roles human plays. The numerical experiments have demonstrated the feasibility of the proposed approach.
Introduction 1
The satellite module layout design (SMLD) deals with the placement of payloads (equipment and instruments) in different functional modules or on different bases in a module [1] [2] [3] , or of radar antennas and solar sails outside the module [4] to enable a set of design goals to be optimized while satisfying optional spatial or performance constraints such as dynamics and electromagnetic compatibility. As a complex engineering problem, SMLD has faced with the challenges stemming from three aspects: computational complexity, engineering complexity, and engineering practicability. As an important part of the overall satellite design, the SMLD exerts direct influences on the performances, service life, structure, and maintenance of the whole satellite system and also constitutes one of the key techniques to improve the satellite global performances.
As an outstanding result that a great number of sci-*Corresponding author. Tel.: +86-411-84709130. entists have long made sincere efforts to scramble for, there have been developed many approaches for SMLD. Evolutionary algorithms (EAs) and their hybrids [2] [3] 5] . P. M. Grignon and G. M. Fadel [5] developed a genetic algorithm (GA) to treat the multiobjective configuration problem of a small satellite. To enhance the GA performance, they adopted three strategies: ranges restriction, local search, and range relaxation.
Heuristic approaches [4, [6] [7] [8] . Depending on a specific application as heuristics is, in authors' opinion, its extended pattern search algorithm proposed by Y. Su and J. Cagan [8] fits SMLD solution, and the works of J. Cagan Multidisciplinary design optimization (MDO) including collaborative optimization [9] [10] [11] . In 2003, C. F. Pouchet, et al. [10] considered the spacecraft internal layout as a subproblem of spacecraft MDO and optimized the spacecraft volume by rational placement of necessary payloads: the engine, the fuel box, and the staff room. Human-computer interaction. In 2001, D. Kamran, et al. [12] proposed a FARAGAM algorithm for the arrangement of functional subassemblies of the satellite ZS3-SAT. Based on modular decomposition and a reference layout scheme, they iteratively added subassemblies to a satellite module by composite design method and human-computer interactive techniques.
Human-computer cooperation (HCC). In 2001, Z. Q. Qian, et al. [13] suggested a human-computer cooperative genetic algorithm (HCCGA). On the basis of HCCGA, in 2008, Z. W. Liu, et al. [14] presented an HCC layout design method to tackle SMLD. This article is meant to extend their work to treat SMLD with more complex goals. The current situation reveals that traditional computer-based automatic approaches are far from being of practical use. Professor Y. B. Xie [15] believes that design is not tantamount to computation. In China, there is also a famous viewpoint from the predecessors of the engineering realm: "complex engineering design could never get away from human". Like J. Cagan and J. J. Michalek, some scholars recognize that the traditional automatic layout methods do not have a whit of practical or pragmatic meaning in engineering [16] [17] . The automatic approaches are in nature of a computation-based design that inevitably precludes the mathematical methods from achieving human-like flexibility and adaptability [18] . The more important reason is that these approaches, owing to lack of human's experience and wisdom, could not successfully deal with the complexity of sophisticated engineering systems. As mentioned above, it is almost impossible to solve the SMLD fully by either engineers' practical experience or computer technologies alone.
From the engineers' viewpoint, on the basis of respecting and accepting ripe practical design rules and successful design patterns of worldwide satellite engineers, by combining authors' previous work on SMLD [13] [14] , a knowledge-fusion-based solution strategy is put forward for complex layout problems. The strategy also has gained a great deal of enlightenment from the HCC [19] , knowledge-based design [20] , and human-centered computation [21] . The proposed strategy is termed a human-computer cooperative knowledge fusion approach (HCCKF), which enables engineers to make best use of their experience and wisdom, the existing design knowledge, or prior knowledge and absorb some advanced computing technologies (such as EAs). Meanwhile, the HCCKF is conducted on the satellite CAD and simulation platform [22] [23] to deal with the qualitative design factors in order to reach the goal of engineering application.
Simulating Engineering Design Pattern: Human + Prior Knowledge + Computation
As stated above, the automatic layout approaches have found little use in SMLD. Why satellite engineers can fulfill successful layout designs? What lessons could be learnt from the previous successful design patterns, and which of them deserve to be used as references in practices? To answer these questions, a design pattern is suggested as follows: first, engineers use their experience and wisdom in association with the prior knowledge-existent analogous layout schemes to construct layout drafts; then, they calculate the objective functions and other performance con-straints; if the layout design is not satisfied, they will repeat above-mentioned steps until a successful one is obtained. In summary, the engineers, who are good at analyzing a problem at different levels of hierarchy or granularity space, make an iterative design from generating, evaluating to modifying a concept by using different knowledge until a satisfied engineering solution is attained. Therefore, following above-described design pattern, an HCCKF is presented to support the complex layout design. To begin with, several definitions concerned with SMLD are given as follows.
Definition 1 By object [14] is referred to the payloads such as equipment and instruments to be arranged at one or several layout spaces in a given satellite module.
Definition 2 By layout scheme (LS) is referred to the solution that satisfies design specifications. Containing detailed layout information, LS can be denoted by a set of two elements, LS = {L, O}, where L denotes the location of the centroid of an object, and O its orientation in layout space.
Definition 3 By human intelligence knowledge (K h ) is referred to a kind of knowledge provided by the engineers on the basis of their wisdom and experience. K h takes the qualitative design objectives or constraints into main account.
Definition 4 By prior knowledge (K p ) [14] is referred to a kind of structured or semistructured knowledge except K h . For the layout design, K p contains engineering layout drawings, imaginations, and other documents that can be recognized and acquired from computers. K p can be formulized into a set of three elements, K p = {P, L, O}, where P denotes the layout properties, such as the maximum enveloping radius, the geometrical shape of an object, and performance merits, whereas L and O are the same as those in LS.
Definition 5 By computational knowledge (K c ) is referred to a kind of knowledge obtained by online numerical computation. K c can be expressed by LS.
Definition 6 By generalized knowledge (K g ) is generally referred to the set of K h , K p , and K c . Definition 7 By restricted knowledge fusion (RKF) is referred to two or more (denoted by N) kinds of knowledge that are fused with some information fusion (IF) approaches such as evolutionary computation (EC), fuzzy logic reasoning (FLR), and artificial neural network (ANN) so that the overall fusion effect of N kinds of knowledge is greater than the sum of their individual effects. The effect of RKF can be illustrated as Effect( ( ))> Effect( )
, where F denotes RKF, K i a kind of knowledge, and i = 1, 2, ···, N. Man-machine synergy and HCC, proposed by D. B. Lenat, et al. [19] and X. S. Qian, et al. [24] , have made major strides in theory and application recently. As an expected effective strategy to solve complex system problems of aerospace engineering system in 21st century, HCC and the capacity of human should be attached more importance to developing the future com-plex highly coupled engineering systems, as is commented by NASA.
The means of implementing HCC depend on its specified application in different fields. Recently, the combination or cooperation between EAs and human has become a hot subject of research [25] [26] . There are four cooperative means for human and EAs [27] :
human does not directly get involved in EAs' internal operation but cooperates with EAs in the external environment through providing design schemes or evaluation; human-guided EAs; interactive evolutionary computation;
human-computer cooperative evolutionary algorithms (HCCEA) [13] .
Artificial intelligence (AI) theories implicitly tell us that without integration or fusion, knowledge cannot produce higher intelligence. IF or knowledge fusion (KF) is usually accomplished by using two approaches. Of them, one is based on FLR or ANN that fuses the knowledge represented by symbols, the other is based on EC where knowledge exists in a form of numerical value (subsymbol). IF techniques have been applied in many fields such as military, aerospace, engineering control, and medicine diagnosis [28] . In the design field, IF is generally called KF, which, however, has found little application in engineering design. In authors' opinion, KF in design is not different from IF in control due to the specific characteristics of design knowledge, and its supporting techniques for KF is not mature enough. The design knowledge such as design documents and engineering design drawings in engineering is represented in different forms such as symbols, numerical values, and natural languages. Therefore, IF techniques used in the military and control fields cannot be indiscriminately applied to engineering design. In this study, KF used in layout design should address the following two issues: how to represent three kinds of knowledge (K h , K p , and K c ) and how to fuse above three kinds of knowledge.
This article adopts a simplified KF approach, HCC-KF, to support the engineers to accomplish SMLD. HCCKF is a preliminary exploration derived from the successful satellite design patterns where three kinds of knowledge (K h , K p , and K c ) are extracted. After being preprocessed, K h , K p , and K c are represented by the unified numeric string so that they can be fused by EC. HCCKF is performed on the developed satellite CAD and simulation system platform where engineers can evaluate and modify the candidate solutions to meet the qualitative design criteria according to their experience and preference. It should be noted that the knowledge acquisition is not discussed in this study.
Knowledge Representations and Model

Problem description model
As stated above, K g can be represented by natural language symbols, graphical symbols, and numerical values. It is hard to directly handle K g by using a pure complete mathematical model. Therefore, a generalized model concept of large scale system cybernetics [29] is introduced and modified to establish a problem description model (PDM), which can be formalized as a tetrad:
where H is a set of K h (such as human experience and wisdom), P the set of K s and K c , K s a kind of symbolized knowledge like layout drawings, and C a set of K c . Some mathematical models for quantitative objectives and constraints are built up in the PDM. Mathematical models can be classified into two: constraint satisfaction problem (CSP) and multiobjective multiconstraint optimization problems (MOOP). MOOP is often solved by nondominated sorting genetic algorithm (NSGA) [30] . By using the penalty function, CSP or MOOP can be converted into an unconstrained single objective optimization problem described as 1 1
where X is a vector of design variables, f i the ith objective function, g j the jth constraint function, i and j normalized factors, and w i a weight factor. In the PDM, K h , K p , and K c can be represented by natural language literal symbols, graphic symbols, and numerical values. To fuse three kinds of knowledge with EC, the knowledge should be preprocessed first in a form of natural language or graph so that all knowledge is numerically represented. Therefore, this article intentionally avoid using FLR and ANN that requires considerably complicated artificial processing to fuse above three kinds of knowledge.
Generalized evolutionary model
Three kinds of knowledge individuals for EAs are defined as follows.
Definition 8 By computational knowledge individual (I c ) is meant an individual that is produced by online computation (like EAs). I c can be represented by a numeric string.
Definition 9 By human knowledge individual (I h ) is meant an individual that is constructed by online engineers. I h can be represented by a numerical string or a graphic layout scheme.
Definition 10 By prior knowledge individual (I p ) is meant a numerical individual that is mapped from prior knowledge represented by graphic symbols, e.g. reference layout drawings.
From the viewpoint of EAs, PDM can be further modified and expanded into a mathematical model of generalized EA (GEA) as where P(k) is a population in the kth generation, i.e., a set of X (LS), X(k) = [a 1 (k) a 2 (k) ··· a n (k)] P, P is composed of three subpopulations, i.e., P = P c P p P h , where P c = c I , P h = h I , P p = p I . P size is the size of the population, f enc the mapping from solution space (S) to gene space (G), i.e. code transform; s a selection strategy, eo the evolutionary operators (such as copy, crossover, and mutation in GA), p the probability of GEA operators, f a fitness function, and t the terminate criteria.
It should be noted that GEA is different from the traditional EAs. The population of GEA is not composed of sole I c , but three kinds of individuals, namely, P = P c P p P h that illustrate the fusion of K h , K p , and K c . P c , P p , and P h should be represented numerically so that they can be operated in the evolutionary procedure. Therefore, the key problem is how to represent the graphic symbols and the natural language symbols with a numerical expression. This numerical processing is called KF preprocessing (see Section 4.1).
Individual representation
The individuals of subpopulation P c , P h , and P p are coded by using a uniform decimal numerical string as follows: I c = {a c1 , a c2 , ···, can}, I p = {a p1 , a p2 , ···, a pn },
Suppose that the sizes of three subpopulations (P c , P h , and P p ) are S c , S h , and S p , respectively, then the population size P size = S h + S p + S c . The knowledge from human intelligence, prior knowledge and computation are expressed as I h , I p , I c , respectively.
Human contributions
Online human contributes to RKF in the following aspects: providing novel artificial layout schemes, tackling the qualitative design factors, guiding the search to jump out of local optima, adjusting the algorithm parameters, and evaluating and modifying the design solution on the CAD and simulation platform. This article mainly focuses on aspects and , which are much simpler than other aspects.
SMLD problem description
SMLD is a combinatorial optimization problem where the objects to be set affect each other in functions and geometrical structures. In the practical engineering design, for the sake of mathematical modeling, all objects are simplified into regular geometrical bodies that will be recovered when a desired solution is attained. The final LS is regenerated into a detailed CAD assembly scheme on the CAD and simulation platform.
(1) Problem statement In this article, a simplified INTELSAT-III module layout is taken for SMLD [2] (see Fig.1 ). This simplified satellite structure diagram refers to the Ref. [31] . The amount, the shape, and the dimension of its objects are supposed in the experiments. SMLD can be described as follows: a total number of N objects will be located within a cylindrical satellite module where two bearing plates (with total four bases) attached on a standing column are used to fix all the objects. Here is required to seek for the optimal location and orientation of objects to achieve the following design goals:
Noninterference. All the objects should be contained within the module without overlaps among the objects and clashes between the module wall and each object.
Mass distribution. The mass distribution of the satellite payloads influences the satellite system dynamics. There are three indices: the system inertia of moment, the system dynamic equilibrium, and the system static equilibrium.
Space for cable routing. It is needed to ensure enough distances between different objects for cable routing.
Clustering. Some objects should be clustered to meet some specified requirements, such as the interfaces, the electromagnetic compatibility, and the thermal environment.
Accessibility. It is hoped to have objects in the module accessed with ease for the sake of assembling and maintenance.
In practical design, it should be noted that more attentions should be paid to the factors like the electromagnetic compatibility and the thermal environment. Specifically speaking, if some objects should be located in a specific work environment, they can be fixed beforehand. If some objects have the electromagnetic interference problems, some layout strategies, such as interval distance, space division, shielding, and isolation, should be adopted to eliminate adverse effects. If some objects should be configured together, they might be constructed as a unit so that their relative positions are kept unchangeable. However, this article does not take these factors into account in the optimization process. After layout optimization, the thermal or electromagnetic environment will be analyzed by way of simulation with specific tools. If these requirements are not met, some manual adjustments are required or a new optimization process may be restarted and run until a satisfied solution is obtained. Additionally, engineers can continually construct some artificial layout schemes that consider above factors and add them into the population of EAs.
(2) Computational model Three Cartesian coordinate systems, Oxyz, O'x'y'z', and O''x''y''z'' are defined to describe SMLD [3] . Suppose that the set of objects to be located is A = {A 1 , A 2 , ···, A N }. All the objects are simplified into cuboids or cylinders, which are regarded as rigid bodies with uniform mass distribution [2] [3] . A 0 denotes the fixed part of the module including the shell, the bearing plates, and the standing column. For SMLD shown in Fig.1 , the number of variables n = 4N, and the layout scheme can be expressed by 4 {[ ] 1, 2, , }
According to Refs. [2] [3] 32] , an SMLD mathematical model can be formulated as follows. Find a layout scheme X to optimize three design objectives: the moments of inertia of the satellite system, the clustering, and the accessibility:
f 1 (X) is to minimize the sum of the moments of inertia of the satellite system with
f 2 (X) denotes the clustering function modeled as a minimization problem of the weight sum of the distances between the clustered objects. ij ij i j i f w d X (7) where d ij is the closest distance between two clustered objects A i and A j , w ij the weight value of d ij , and N' the amount of the clustered objects. A higher weight value means that these two objects should be clustered as closely as possible. Since all the objects are orthographically located on the bases and all the cubic objects are orthographical to each other, d ij can be calculated on the two-dimensional plane, it is equivalent to the distance between two points projected from the center-of-mass of A i and A j . The accessibility refers to the property of an object to be seen or reached in a specified direction [5] .
Here, accessibility is defined as follows: if an object has accessibility, at least it can be reached without touching other objects in one of predefined directions. The objective is to maximize the amount of the objects, N accessible , that are accessible. This maximal problem is converted into a minimal one f 3 (X): 3 accessible min ( ) max f N N X (8) There is supposed to be eight accessible directions for an object shown in Fig.2 . For example, the 6th object is not accessible, whereas the 4th object has 2 accessible directions. Above-stated three design objectives are subject to the following constraints: [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] · 37 · (a) Noninterference (9) where V ij is the interference volume between A i and A j . If the objects are regular (such as cylinders and cuboids), their collision detection and interference calculation can be conducted in the 2D space; otherwise, the collision detection should be realized using the oriented bounding box trees (OBBTree) structure-based rapid and accurate polygon interference detection (RAPID) interference algorithm [33] , and the interference volume can be calculated by using approximate enveloped box. The accurate calculation can be performed on Pro/Engineering. (b) Static equilibrium error or position error of the whole satellite system given by 2, c, e, e, ( ) 0
where S c,l and S e,l are the actual and expected centroids of satellite system, respectively, S e,l is the corresponding allowable values of centroid errors, and l = x', y', z'. (c) Dynamic equilibrium error of the whole satellite system is given by 3, ( ) ( ) 0 l l l g X X (11) where l is a angle between one inertia axis and its corresponding satellite coordinate axis, and l is the corresponding allowable value. The detailed calculation of Eqs.(10)-(11) is described in Ref. [3] .
(d) Space for cable routing
where the distance (A i , A j ) is the clearance between A i and A j for the cable routing, d the smallest distance of the clearance, , {1,2, , }, i j N i j . Different from the mathematical models in Refs. [2] [3] 14] , this article adds two design objectives (the clustering and the accessibility) to the mathematical model.
If a design objective is difficult to define numerically, it is reasonable to establish a rough mathematical model as close to the realistic problem as possible. Then, based on the CAD and simulation platform and the design preference, some qualitative problems like the electromagnetic coupling is further addressed. At the end, the artificial design scheme (I h ) is added to the melting pot of "computation". Repeat the qualitative and quantitative evaluation until a satisfied solution is achieved.
KF
There are two issues for KF: KF models and KF approaches. This article adopts EAs as fusion approaches.
For SMLD problems, PDM is regarded as a KF model; the GEA mathematical model can be viewed as either a PDM or a solution approach.
KF preprocessing
For three kinds of knowledge to be fused, the KF preprocessing can be simplified into a numerical or quantified processing of K h and K p . The numerical processing of K h includes two parts: how to deal with the natural language used to operate or how to control some objects by the online engineer, and how to convert the graphic LS constructed by online engineers through human-computer interfaces. The numerical processing of K p mainly refers to converting the layout draws into a numerical string. Therefore, the numerical processing consists of two conversion processes as follows.
(1) Numerical conversion of graphical symbols There are four approaches: CAD model-based automatic conversion. For the graphs (such as circles, rectangles, cylinders, and cuboids) stored in 3D CAD model, the numerical values of the geometrical features can be abstracted by computers. Hough transform [34] . For 2D engineering layout drawings, they are scanned with scanning devices, and then the digit pictures are converted into numerical values by Hough transform. Numerical computation such as the least squares fitting. Intelligent computation. It should be noted that these approaches cannot deal well with complex graphs. This article adopts the approaches and .
(2) Numerical conversion of natural language literal symbols
The natural language literal symbols are represented numerically using two approaches. One is called "natural language-numerical interval-random point" enlightened by the qualitative modeling and qualitative analysis proposed by de Kleer and Brown in 1984. The other is based on the natural language processing techniques. Chinese natural language is split by using the segment tools. Then, the semantics of the natural language is processed to be understood through semantic web or semantic dictionaries such as WordNet. During the process, the fuzzy information described by the natural languages is quantized numerically. For example, the natural language "place the largest object at the location near the container center" can be processed as follows. Two fuzzy words "largest" and "near" are split from the language. "Largest" is quantized into "Size > s ( s is a threshold of area or volume of an object)", "near" into location [-p, p] ( p is a small positive threshold). A precise numerical value is generated in the fuzzy interval or nonprobabilistic interval.
The [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] No.1 a k max ]. The joint evolution of two kinds of genes can be implemented in EAs due to EAs' capabilities such as the fault tolerance and the nonnumerical computation. Other qualitative problems such as the adjacency description using the natural language can be handled in the same way. In this article, the natural language is used to describe heuristic layout operations like rotation, jumping, and swapping [8, [35] [36] .
KF implementing
The basic idea of KF, to a large extent, has gained enlightenment from the HCCGA proposed by Z. Q. Qian, et al. [13] . HCCGA would achieve the simple HCC by adding the numerical artificial individuals into the GA population online by human. Ref. [13] used a simple packing case to illustrate the detailed process of HCC. However, this article, from the viewpoint of KF, fuses not only the numerical knowledge in the form of artificial individuals but also the prior knowledge in the form of graphic symbols, e.g. layout drawings. Additionally, the online engineers would prefer to make some heuristic operations in the fusion process by using the natural language, also evaluate the candidate solutions for further modification with their experience and wisdom. Therefore, the KF of K h , K p , and K c would be achieved at the level of the algorithm gene.
The key to KF based on EAs is to represent the knowledge K h , K p , and K c in a form of numerical ex-pression, i.e. the uniform numerical coding strings (genes). Although K h , K p , and K c have different descriptions, three kinds of knowledge would be converted into the uniform numerical individuals using the preprocessing techniques. The individuals from different knowledge resources are fused in the "melting pot" of EAs through the evolutionary operations, such as crossover, mutation, and reproduction in GA, to produce newer and better layout schemes. Besides above-cited knowledge, the proposed approach would integrate the layout heuristic knowledge. For instance, the relevant domain knowledge is integrated into the operation of EAs to enhance the search performances or embedded into the process of EAs as a local optimizer to draw on each factor's merits and overcome its weaknesses. Meanwhile, relying on their preferences and experience, the engineers evaluate and modify the candidate solutions until those qualitative objectives and constraints are satisfied. Subsequently, these modified solutions are added into the population and passed from the current generation to the next with the intent of changing some individuals so as to improve the qualitative and quantitative performances of the final design. Therefore, some versions of the proposed KF method would be put forward according to the different knowledge that is added in. Fig.3 illustrates the general flowchart of HCCKF for complex layout design, from which, it is seen that HCCKF can be regarded as an engineer-centered auxiliary design technique or tool. 
SMLD Numerical Experiments
An SMLD case with a simplified international commercial global communication satellite INTEL-SAT-III as its background is quoted from Ref. [2] . The amount, the size, and the shape of objects are all assumed. It has been assumed 53 objects are located on the 4 bearing bases in Fig.1 . The first 24 objects are simplified into cuboids, and the others are simplified into cylinders. The dimensions and masses of the objects and their parameters are listed in Ref. [2] . The process of solving SMLD can be divided into two phases. The first mainly belongs to a space planning Authors of Ref. [2] found that the Ref. [2] did not include the computational time which was 1 678 s. The mass of cylinder numbered 25, 26, 27, 28 should be 22.62 kg, which was mistaken for 26.62 kg in the Table 1 of Ref. [2] . Authors of Ref. [2] have agreed to make an error correction statement, and expressed apology to readers. problem that concerns with the way to dispose the objects in different layout space and predefine the fixed or grouped objects. The second refers to detailed layout design. Given a space planning, this article concentrates its discussion only upon the detailed layout design.
Design objectives and constraints
The layout space is divided into four subspaces according to four bases in Fig.1 . The locations of 53 objects are assumed the same as in Ref. [2] . The goal is to find a satellite module layout scheme that attains the optimal design objectives while satisfying the design constraints specified in Section 3.5, where S e,x' = S e,y' = 3 mm, x' = y' = z' = 0.03 rad, and d = 10 mm. There is no constraint on the centroid of the system along the axis Oz since the objects' locations have been predetermined in Ref. [2] . In the experiments, it is stipulated that a layout scheme is acceptable in engineering if it meets both the given design constraints and the following design goals: the sum of the moments of inertia is less than 820 kg·m 2 , the sum of the weight distance of clustered objects is less than 325 mm; the amount of the accessible objects at least 44.
Solution approach
This multiobjective SMLD problem is converted into an unconstrained single objective optimization one to be solved by the proposed GA-based KF approach. To improve the solution quality, three alternative approaches are provided as follows.
(1) Basic knowledge fusion (BKF) that fuses three kinds of knowledge (K h , K p , and K c ).
(2) Hybrid knowledge fusion (HKF) with heuristics, which, based on BKF, contains some heuristic layout operations such as rotation, translation, and swaping [8, [35] [36] .
(3) Interactive hybrid knowledge fusion (IHKF), which combines the online interactive evaluation and modification. The online engineers tackle the qualitative criteria using their experience and preference. IHKF fusion is expected to be a technique of practical use.
Two databases, I h and I p , are to be stored, each hav-ing five individuals, which are constructed by the engineer. Of five I p , one is obtained using Hough transformation technique, whereas the others are extracted directly from previous SMLD 3D models, including the prior layout scheme in Ref. [2] .
Experimental results and analysis
BKF, HKF, and IHKF are performed separately to solve SMLD. Each approach is run 50 times with different random seeds on a 1.2 GHz PC with 512 MB memory. Simple GA (SGA) is used in GAlib to solve the same problem 50 times. Table 1 lists the merits of the optimal layout schemes obtained by SGA, BKF, HKF, and IHKF. The more simplified 3D and 2D optimal layout scheme obtained by IHKF are shown in Figs.1(a) and 1(b) , respectively. The recovered 3D layout scheme is regenerated in the Pro/Engineer platform as shown in Fig.4 . This 3D SMLD diagram is obtained through two phases: first the more simplified 3D layout diagram shown in Fig.1(a) is drawn according to the data of Table 2 ; then less simplified 3D layout diagram is recovered in the Pro/Engineer platform. Table 2 lists the detailed data of the optimal layout, which contains the supposed size and shape of objects.
From Table 1 , it is understood that the system dynamics obtained by BKF and HKF are superior to those published in Ref. [2] . By all appearances, the results with BKF, HKF, and IHKF have the edge over those with SGA in every particular except for the computational time spent by IHKF, which is more than that with SGA. Additionally, for BKF, online human and the prior knowledge would provide the positive impact or guide the evolution to improve the performances at the early stage. However, the positive effects would gradually decrease, and BKF would get trapped in the local optima. In the case of BKF being stagnate, some heuristic layout operation will be incorporated into the process of BKF. The layout heuristic knowledge played a perturbation role to help GA jump out of local optima thus enabling some high quality solutions to regenerate in a new region. For IHKF, the online engineer modifies the layout scheme real-time through human-machine interface to meet his preference for the clustering and the accessibility. IHKF would significantly improve the qualitative design merits that are not formulated using a precise mathematical model but at the expense of spending more time and increasing the sum of the moments of inertia. From the statistics of 50 experiments with SGA, BKF, HKF, and IHKF, a preliminary qualitative evaluation is made on four approaches to solve the SMLD as shown in Table 3 . 
Discussion
Now, some discussions will be conducted on aboveintroduced experiments. K h and K p have proved ad-vantageous to improving EAs performances in solving many realistic problems by integrating them into EC. For SMLD, it is considerably difficult to strike a balance between multiple qualitative and quantitative objectives only through automatic computation. It is necessary to incorporate human's efforts in the loop of design. Human provides EAs with imaginative thinking and associative memory, making it more effective in guiding the search process and quickly finding the feasible solutions that EAs could not easily reach alone. However, human's excessive intervention would result in time consuming and human's fatigue because human himself is deficient to deal with quantitative problems by means of computers. K p has many reasonable genes to guide the evolution of EAs effectively in the earlier stage to find a good solution. It has been shown that the incorporation of domain knowledge with EAs can greatly improve the quality of solution. The proposed HCCKF illustrates an effective incorporation means. This fusion approach of EAs to associate online human with the prior or domain knowledge provides an effective strategy in pursuit of the dynamic balance between diversification (exploration) and intensification (exploitation).
Guidelines on KF
The observations and conclusions from this study have made it possible to present some guidelines on KF as follows: HCC. The quantitative computation should be incorporated with qualitative analysis. K h , K p , and K c are fused to bring their own strong suits into full play.
Reasonable distribution of knowledge. The distribution and addition of different knowledge should follow certain rules. Since human can learn and discover laws from the previous computation, it would be advisable that fusing K p should be followed by in-tegrating K h . Rational granularity of evaluation. It would be better to guarantee mathematical consistency in evaluation that will impact the changes of the human modification in the qualitative space. Selection of high-performance EAs. A selected EA had better possess not only the local and global search ability but also an adaptable and learning mechanism. Friendly human-computer interface.
Conclusions
SMLD with the computational and engineering complexity poses substantive challenges to both optimization and utilization, and thus necessitates new solution techniques. From the successful satellite design patterns by the engineers, a lot could be learnt on HCC and KF. On the basis of previous work, with an intention of helping engineers to solve SMLD in practices, a new approach called HCCKF is proposed. This article, first, establishes a problem description model and a generalized evolutionary mathematical model as KF model. Further, some issues are addressed by making numerical expression of human knowledge and the prior knowledge. After the preprocessing, the KF of three kinds of knowledge is carried out through EC. To further improve the KF performances, some layout heuristics are integrated into the KF process to significantly improve design objectives. Finally, some guidelines are presented on KF. Taking a simplified SMLD as an example, an attempt is made to explore a HCCKF layout design method so as to solve the complex layout problem better from the view of engineering application.
